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ABSTRACT 
The portion of the total research program reported herein 
represents a determination of the characteristics and mechanism of 
recrystallization in TD-nickel, a model dispersion hardened system. 
Recrystallization behavior after rolling and swaging deformations was 
examined in two forms of TD-nickel, as-extruded and commercial one 
inch bar. Efforts to date have centered on an investigation of  defor- 
mation and annealing substructures by transmission electron microscopy. 
Recrystallization in TD-nickel is observed to be highly depen- 
dent upon character of prior deformation, with some deformation types 
producing recrystallization resistance. The outstanding substructural 
difference between recrystallization-resistant and recrystallization- 
prone deformations is that the former preserves the initial grain 
boundary structure, while the latter appears to severely alter it. 
Recrystal l izat ion-resistant  structures exhibit recovery after 
annealing at recrystallization temperatures. Recrystallization 
significantly lowers the dislocation density. 
o f  extensive dislocation-thoria particle networks within the recrys- 
tallized substructure, although isolated small regions of recovery 
were observed. 
No evidences were found 
All ambient temperature deformations examined in the present 
study produced voids at a significant fraction of thoria particles. 
Voids appeared to "heal" after annealing at elevated temperatures. 
The degree of void formation was similar after both recrystallization- 
resistant and recrystallization-prone deformations, indicating that 
this phenomena does not control recrystallization in TD-nickel. 
" i i  i- 
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TD-nickel i 
I NTROD UCT I ON 
a two-phase a l loy,  cont in ing ap 3x i ma t e  1 y 
2 volume percent t ho r ia  (ThoZ) p a r t i c l e s  as a f ine,  i n e r t  dispersion 
in’ a n icke l  matrix. The dispersion i s  produced by powder metal lurgy 
techniques, w i t h  the introduct ion o f  mechanical working beyond that  
required f o r  compaction. 
which are propr ietary) resul ts  i n  a substructure which i s  extremely 
s tab le a t  elevated temperatures. Due t o  t h i s  s t a b i l i t y ,  TD-nickel i s  
a s i g n i f i c a n t  base material f o r  elevated temperature applications. 
This fab r i ca t i on  procedure (the detai Is o f  
Recently, i t  has been shown that  the ambient and elevated 
temperature mechanical propert ies o f  TD-ni ckel are control 1 ed by 
d i f f e r e n t  mechanisms (1). During room temperature testing, these 
propert ies e x h i b i t  typ ica l  response t o  mechanical working and 
annealing operations, w i t h  intra-granular substructure the inf luencing 
factor.  However, a t  elevated temperatures strength levels appear t o  
be contro l led by g ra in  boundary considerations. 
low s t ra ins  by intergranular separation i n  regions where the applied 
load i s  normal t o  the gra in  boundary surface area. 
posed that  a preponderance o f  gra in  boundaries aligned p a r a l l e l  t o  
the applied stress (or a sca rc i t y  o f  gra in  boundaries) i s  a necessary 
* 
Fracture occurs a t  
It. i s  thus pro- 
condi t ion f o r  elevated temperature strengthening i n  t h i s  dispersion 
hardened a1 loy. 
Since gra in  boundary considerations play a s ign i f i can t  r o l e  
i n  determining the mechanical propert ies o f  TD-nickel a t  ant ic ipated 
use temperatures, a process such as rec rys ta l l i za t i on  which, i n  t h i s  
material,  d r a s t i c a l l y  a l t e r s  the amount o f  grain boundary surface 
area and boundary or ientat ion,  can be expected t o  a f f e c t  mechanical 
propert ies also. In fact ,  i t  has been observed that the r e c r y s t a l l i -  
zat ion process does not degrade, but rather enhances high temperature 
strength (1). 
I n  the l i g h t  o f  the above, i t  i s  important t o  obtain a basic 
* 
Numbers i n  parentheses r e f e r  t o  Bibl iogrphy a t  the end 
o f  the report. 
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understanding o f  the rec rys ta l l i za t i on  process i n  TD-nickel, because 
such an invest igat ion may lead t o  an opt imizat ion o f  the propert ies 
o f  t h i s  commercially in terest ing material.  Also, since TD-nickel i s  
a model example o f  a dispersion hardened system, the resul ts  o f  a 
rec rys ta l l i za t i on  study may lend ins igh t  i n t o  the operation o f  t h i s  
phenomena i n  other dispersion hardened al loys. This, then, i s  the 
in ten t  o f  the present investigation. 
The present report  i s  a summary presentation o f  the research 
completed during the period January 1968 t o  January 1969. This 
research has taken the form o f  an e lect ron microscopy invest igat ion 
designed t o  characterize the substructures of :  
TD-nickel i n  two commercial forms; 2) r o l l i n g  and swaging deformation 
substructures; 
1) as-received 
3)  annealing and recrysta l  1 i za t i on  substructures. 
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MATERIAL 
TD-nickel supplied by the E. 1 .  duPont de Nemours Company 
(new suppl ier  o f  TD-nickel i s  Fansteel) was used i n  the present 
investigation. The a l l o y  i s  made by the chemical production o f  a 
tho r ia  containing n icke l  powder, the compaction and s in te r i ng  o f  the 
powder i n t o  a b i l l e t ,  and f i n a l  densi f icat ion by warm extrusion. The 
extruded product i s  subsequently processed i n t o  commercially useable 
bar, wire, tubing o r  sheet. 
Two forms o f  TD-nickel, as-extruded and commercial one inch 
Both or ig inated from the same bar, were used i n  the present study. 
s intered b i l l e t .  The f i r s t  form, though not su i tab le f o r  commercial 
appl icat ion,  represents a s ta te  o f  minimum mechanical working o f  the 
material.  The second i s  a commercially useable end product. Chemical 
composition o f  the p a r t i c u l a r  l o t  o f  material used i s  given i n  
Table 1. 
The microstructure o f  the as-extruded material consists o f  
grains approximately 2 microns by 4 microns i n  size, elongated i n  the 
extrusion direct ion.  I n  the commercial one inch bar, 'grain elongation 
p a r a l l e l  t o  the bar ax is  i s  much more extreme, w i t h  gra in  dimensions 
o f  1 micron by 15 microns. The commercial bar possesses a very strong 
duplex f i b e r  texture o f  <200> and 41 11> components (1). 
i s  a lso present i n  the as-extruded material,  but  i s  much weaker. 
Neither form of  TD-nickel w i l l  r e c r y s t a l l i z e  a f t e r  one hour a t  2400°F (1). 
This texture 
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BACKGROUND FOR THE PRESENT INVESTIGATION 
The r e c r y s t a l l i z a t i o n  behavior o f  TD-nickel has received 
r e l a t i v e l y  l i t t l e  a t ten t i on  i n  the past (1-7). It i s  generally 
acknowledged that  the presence o f  the tho r ia  dispersion makes 
r e c r y s t a l l i z a t i o n  more d i f f i c u l t  as compared t o  pure nickel ;  
TD-nickel the r e c r y s t a l l i z a t i o n  process requires higher temperatures 
than i n  pure nickel.  
i n  
However, a highly unusual aspect o f  TD-nickel rec rys ta l l i za -  
t i o n  has recently come t o  l i g h t  (1). 
r e c r y s t a l l i z a t i o n  process i s  q u i t e  sensi t ive t o  type o f  p r i o r  defor- 
mation. Tables 2 and 3 i l l u s t r a t e  t h i s  behavior f o r  as-extruded and 
commercial one inch bar materials from the same l o t  o f  TD-nickel used 
i n  the present investigation. Figures 1 and 2 indicate the types o f  
r o l l i n g  passes used. 
present study. 
It has been shown that  the 
These data have served as a basis f o r  the 
Data i n  Table 2 indicate that  swaging deformations completely 
i n h i b i t  the r e c r y s t a l l i z a t i o n  process. 
d i r e c t i o n  on r e c r y s t a l l i z a t i o n  i s  most marked i n  the commercial bar, 
where r e c r y s t a l l i z a t i o n  occurs readi ly  w i t h  transverse r o l l i n g ,  but 
i s  t o t a l l y  suppressed by longi tudinal  ro l l ing .  This di f ference 
correlated w i t h  a di f ference i n  deformation texture (1). Transverse 
r o l l i n g  produced a cube texture, whi le longi tudinal  r o l l i n g  caused a 
copper texture. Sharpening o f  the i n i t i a l  duplex f i b e r  texture 
occurred w i t h  swaging. 
The inf luence o f  r o l l i n g  
This inf luence o f  deformation character on the r e c r y s t a l l i -  
zat ion process has not received e x p l i c i t  mention i n  previous inves- 
t i ga t i ons  o f  TD-nickel, possibly because o f  the l im i ted  e f f o r t s  i n  
t h i s  area, However, where commercial bar and r o l l  ing deformations 
have been used (2,7), the p r i o r  deformation producing recrystal  1 i- 
zat ion always involved the appl icat ion o f  some degree o f  transverse 
r o l l  i ng. 
When TD-nickel is deformed i n  a su i tab le manner t o  cause 
r e c r y s t a l l i z a t i o n  t o  occur readi ly, the phenomena proceeds over a 
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relatively narrow temperature range, as is shown in Table 3 for 
transverse rolling deformations. Microstructurally, an unusually 
large recrystallized grain size is produced, with the grains being 
millimeters in size, and thus quite visible to the naked eye. 
Thus far, the present investigation has concerned itself 
with a transmission electron microscopy examination of the substruc- 
tures produced by the various deformation processes shown in 
Tables 2 and 3, and the substructures derived from these on subsequent 
annealing. The approach has been to provide a general characteri- 
zation of each substructure, in the hopes that differences in sub- 
structure will correlate with the observed differences in recrystal- 
lization behavior and shed some light on the basic mechanisms of this 
phenomena in TD-nickel. Of particular interest were differences in 
dislocation configurations and grain boundary arrangements. 
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EXPERIMENTAL PROCEDURE 
The deformed materials studied were remnants of the specimens 
used to derive the data in Tables 2 and 3. This material was used to 
optimize correlation with previous work in the contractual program. 
All annealing was performed in air, with the temperature controlled 
+ o  to - 5 F. 
Since the thoria particle distribution has been shown to be stable up 
to a temperature of 2450OF (8), it is probable that no particle 
coarsening occurred during any of the heat treatments. 
The maximum annealing temperature employed was 230OOF. 
To obtain transmission electron microscopy specimens from the 
bulk material, flat sheets approximately 0.020" in thickness were 
machined from the bulk. Discs 1/8" in diameter were then spark cut 
from the sheet by a trepanning operation. Considerable care was 
taken to insure that spark cutting in no way altered the initial 
specimen structures. 
The dimple technique was employed to produce thin foils of 
TD-nickel. This involved two operations. First, starting with a 
1/8" diameter 0.020" thick disc, indentations (i .e. "dimples") 
approximately 0.003'' deep and 1/16" in diameter were introduced on 
opposite sides of the disc 
accomplished by jet machin 
25% H20 at 5 volts and 100 
seated in a teflon holder, 
diameter syringe cathode w 
near the center of its diameter. This was 
ng with a solution of 35% H2S04, 40% H3P04, 
milliamperes. The disc specimen was 
with a platinum wire contact. 
th gravity feed of the polishing solution 
A 1/16'' 
was the jet machining tool. With this arrangement, a removal rate 
of approximately 0.001'' per minute was observed. 
The dimpled specimen was then removed from the teflon holder 
and immersed in the 35% H2S04, 40% H3P04, 25% H20 solution, using 
platinum tipped tweezers as the electrical contact and platinum wire 
as the cathode. 
highly corrosive nature,of the polishing solution. . Polishing was 
then continued at 5.5 volts and approximately 200 milliamperes until 
a small perforation was observed at the center of the disc. 
It was necessary to use platinum because of the 
This 
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per fo ra t ion  was detected by i l luminat ing the backside o f  the disc 
w i th  a high i n tens i t y  l i g h t  source and observing a magnified image o f  
the f r o n t  o f  the d isc f o r  the f i r s t  p inpoint  o f  transmitted l i g h t ,  
whereupon pol ish ing was discontinued as quick ly  as possible. The 
specimen was rinsed, i n  consecutive order, w i th  the fol lowing: 
1) f resh  pol ish ing so lu t ion  ( to  remove loose thor ia  par t i c les ) ;  
(2) d i s t i l l e d  water; 3)  methyl alcohol; 4) e thy l  alcohol; 5) ether. 
The technique j u s t  described produced excel lent  transmission 
e lect ron microscopy specimens. 
were investigated, the 35% H2S04, 40% H3P04, 25% H20 solut ion was by 
f a r  the best f o r  TD-nickel, producing a b r i l l i a n t  pol ish.  
t i o n  o f  the specimen, the r i m  o f  the disc was approximately 0.003" 
th ick.  Hence, the removal o f  any damaged layer due t o  machinlng o r  
spark cu t t i ng  was assured. 
specimen aided resolut ion i n  the electron microscope, as n icke l  i s  
ferromagnetic. 
constant 2.33 8-cm) was used f o r  viewing specimens. 
t u r a l  character izat ion was desired, the fo l lowing prqcedure was 
adopted t o  study each specimen. F i r s t ,  a number o f  low magnif icat ion 
micrographs (10,OOOX) were obtained as a general f o i l  survey. Then, 
the magnif i ca t i on  was 'raised t o  20,OOOX and representative substruc- 
t u r a l  features analyzed through a sequence o f  micrographs o f  each 
area. 
in terest ;  
pos i t i on  o f  the selected area d i f f r a c t i o n  blades; 3)  selected area 
d i f f r a c t i o n  pattern; 
t i l t i n g  (usually about lo). 
Although other po l ish ing solut ions 
A t  perfora- 
Also, the t h i n  nature o f  the f in ished 
A JEM-6A electron microscope operated a t  100 kv (camera 
Since a substruc- 
This sequence was: 1) 20,OOOX micrograph o f  a region o f  
2) superposition o f  the 20,OOOX area micrograph and the 
4) 20,OOOX micrograph o f  the same region a f t e r  
The above procedure was found t o  reveal a maximum amount o f  
information about a given f o i l  area using a minimum number o f  micro- 
graphs. The superimposed SAD blade-area micrograph determined the 
exact area from which the subsequent d i f f r a c t i o n  pat tern was being 
obtained. T i l t i n g  of the specimen made i t  possible t o  d is t inguish 
f o i l  features such as dis locat ions and boundaries from extraneous 
features such as ex t inc t ion  bend contours. 
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RESULTS AND DISCUSSION 
The various mater ia ls,  deformation states,  annealing condit ions, 
and specimen o r ien ta t i ons  examined thus f a r  i n  the present study a re  
l i s t e d  i n  Table 4. 
Much a t t e n t i o n  was focused on determining the substructures o f  
the as-received extruded and commercial bar mater ia ls,  s ince these 
formed the basis f o r  f u r t h e r  comparisons. 
o f  these mater ia ls  a r e  shown i n  Figures 3 and 4.- In  the as-extruded 
mater ia l ,  Figures 3a and 3b, the grains appear near ly  equiaxed w i t h  
sizes i n  the range o f  2-4 microns as prev ious ly  reported (1). Most o f  
the g r a i n  boundaries a re  h igh angle i n  nature (i.e. a m iso r ien ta t i on  
of  more than about 5 ). However, low angle boundaries w i t h  misor ienta- 
t i o n s  less than 5O were observed w i th in  some grains. 
o r i e n t a t i o n s  was seen, the most common being (1107 , C3107,  4OOl>, 
and<211>. I n  f o i l s  or iented p a r a l l e l  t o  the extrusion axis,  a 
4001, g r a i n  o r i e n t a t i o n  was predominant, i n  agreement w i t h  the 
observed (0013 - e11 1> duplex f i b e r  texture i n  t h i s  mater ia l .  
d i s l o c a t i o n  densi ty  seemed r e l a t i v e l y  h igh and some d i s l o c a t i o n  arrays 
were observed. 
Representative micrographs 
0 
A range o f  
The 
The commercial bar g r a i n  s t r u c t u r e  consisted o f  grains elon- 
gated along the bar axis,  Figures 4a - 4d. 
dimensions, again i n  agreement w i th  previous studies, were 1 micron 
by about 15 microns. Trace analys is  showed the  c rys ta l l og raph ic  
g r a i n  elongat ion d i r e c t i o n  t o  be 40017,  i n  agreement w i t h  the 
l i t e r a t u r e  (2). This being the case, i n  f o i l s  or iented p a r a l l e l  t o  
the bar ax is ,  v i r t u a l l y  a l l  grains examined possessed <001>foi1 nor- 
mals. Rather su rp r i s ing l y ,  no c l e a r  manifestat ion was found o f  the 
<111> component o f  the commercial bar f i b e r  texture. However, the (100. 
component was q u i t e  prominent. As w i t h  the as-extruded mater ia l ,  
most o f  the g r a i n  boundaries observed were high angle, w i t h  adjacent 
grains being re la ted  by ro ta t i ons  about t h e i r  <lOO>elongation 
d i rec t i ons .  I n  f o i  1s or,iented perpendicular t o  the.bar axis, very 
The observed g r a i n  
l i t t l e  r o t a t i o n  was evident between adjacent grains. 
also, some small angle boundaries were observed. The d i s l o c a t i o n  
I n  t h i s  mater ia l  
density in the commercial bar was similar to that in the as-extruded 
material e 
Dislocation configurations in both commercial bar and as- 
extruded materials usually took the form of a cell structure, with 
most dislocations pinned by thoria particles. The fact that some 
regular dislocation arrays and small angle boundaries were observed 
in these materials may be indicative of stress relieving in fabrication. 
Micrographs of recrystallization-resistant deformation sub- 
structures for both as-extruded material and commercial bar TD-nickel 
are displayed in Figures 5-8. Deformation substructures more prone 
to recrystallization are shown in Figures 9-11. Comparison of these 
micrographs reveals that recrystallization-resistant substructures are 
characterized by well defined grain boundaries, unlike recrystalli- 
zation-prone substructures. 
For more detailed comparison of microstructural differences, 
it is worthwhile to restrict discussion to the commercial bar material 
only, because this substructure i s  initially more uniform than that of 
the as-extruded state. Also, deviations in recrystallization behavior 
are most marked in the commercial bar. 
Figures 12 and 13 consist of higher magnification micrographs 
representative of the deformation substructures giving extremes in 
recrystallization beha'vior in the commercial bar. The micrographs are 
accompanied by selected area diffraction patterns (correctly oriented 
to compensate for lens rotation in the electron microscope). Changes 
in the substructures on tilting of the specimens are also indicated. 
The recrystallitation-resistant deformation structure of 
Figure 12 shows many high angle boundaries, presumably elongated in 
the rolling direction. A well developed dislocation cell structure 
is evident within the individual grains. The selected area diffraction 
pattern, with much streaking of diffraction spots, is representative 
of a highly deformed structure. This diffraction pattern, taken of 
many grains, indicates a high degree of texturing, with adjacent 
grains apparently misoriented by rotations about the foil normal 
(which in this case is parallel to the rolling plane rrsrmal). The 
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d i f f r a c t i o n  p a t t e r n  i t s e l f  i s  b a s i c a l l y  <110>, which i s  c lose t o  the 
<123>, 
s t r u c t u r e  i n  macroscopic x-ray pole f i gu res  (1). 
( 1 4 6 7 r o l l i n g  plane normal observed f o r  t h i s  deformation 
The rec rys ta l l i za t i on -p rone  deformation s t ruc tu re  o f  Figure 13 
d i f f e r s  from t h a t  prev ious ly  discussed i n  tha t  very few sharp, h igh 
angle boundaries a re  v i s i b l e .  
w e l l  def ined c e l l  s t r u c t u r e  does not  appear t o  be present. The selec- 
ted area d i f f r a c t i o n  pattern,  from an area which i n  the undeformed 
s t a t e  would conta in  a number o f  h i g h l y  misoriented grains, i s  an 
unusually uniform <001> ( i n  agreement w i t h  the macroscopic po le f igure) .  
Streaking o f  the spots again indicates a deformed st ructure.  
The d i s l o c a t i o n  densi ty i s  high, but a 
The apparent disappearance o f  h igh angle boundaries w i t h  
rec rys ta l l i za t i on -p rone  deformation i s  very d i f f i c u l t  t o  ra t i ona l i ze .  
It i s  poss ib le  t h a t  r e c r y s t a l l i z a t i o n  has occurred i n  the th in  f o i l  i n  
the microscope; however, t h i s  i s  h i g h l y  u n l i k e l y  because o f  the h igh 
d i s l o c a t i o n  densi ty  observed. Also,  r e c r y s t a l l i z a t i o n  i n  f o i l s  o f  
pure n i c k e l  could o n l y  be produced by e lect ron beam heat ing w i th  the 
removal o f  the condensor aperture (which was never done i n  the present 
invest  i gat i on ) (9). 
A t  the present time, i t  i s  not  ye t  c e r t a i n  whether the  recrys- 
t a l l i z a t i o n  tendency dependence on c e l l  s t r u c t u r e  i s  a t r u e  e f f e c t ,  
nor i s  a s u i t a b l e  mechanism obvious should i t  be. 
a c t u a l l y  the case, i t  might expla in  the l a rge  r e c r y s t a l l i z e d  g r a i n  
s i z e  and narrow temperature region f o r  r e c r y s t a l l i z a t i o n  i n  TD-nickel, 
i f  one postulates a mechanism of subgrain formation and subsequent 
growth w i t h i n  a large (essen t ia l l y  s i n g l e  c r y s t a l )  volume of high 
d i s l o c a t i o n  densi ty  produced by deformation. 
o f  t h i s  type of microst ructure w i t h  degree of deformation i s  indicated 
by comparing Figures 14 and 15. 
However, were t h i s  
The r a t e  o f  development 
Substructural  changes r e s u l t i n g  from annealing i n  a specimen 
deformed so as t o  e x h i b i t  recrystallization-resistance are ind icated 
i n  F igure 16. The h igh angle g ra in  boundaries have become q u i t e  
d i s t i n c t .  Grains possess near ly  the same o r ien ta t i ons  as they had i n  
the deformed state.  Spots i n  selected area d i f f r a c t i o n  patterns have 
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sharpened considerably (as comparcd t o  those observed a f t e r  deformation 
and p r i o r  t o  annealing), suggesting t h a t  the c r y s t a l  l a t t i c e  i s  no 
longer severely d i s to r ted .  
reduced. The occurrence of low angle boundaries i s  high. On the whole, 
the substructure ind icates a recovered mater ia l ,  not  d i s s i m i l a r  t o  the 
i n i t i a l  states o f  the as-extruded and commercial bar mater ia ls.  
The character o f  the r e c r y s t a l l i z e d  cond i t i on  i n  TD-nickel 
The d i s l o c a t i o n  densi ty  appears s u b s t a n t i a l l y  
has been studied t o  some degree i n  order t o  c l a r i f y  c e r t a i n  observations 
i n  the 1 i t e ra tu re .  TD-nickel e x h i b i t s  "true" rec rys ta l  1 i z a t i o n  behavior 
i n  t h a t  r e c r y s t a l l i z a t i o n  appreciably lowers the d i s l o c a t i o n  densi ty  
from t h a t  o f  the deformed state.  In Figure 17, d i f f r a c t i o n  condi t ions 
were such as t o  opt imize contrast  from dis locat ions.  The d i s l o c a t i o n  
densi ty  i s  low. In  the present invest igat ion,  no evidences were found 
o f  a res idual  d i s loca t i on - tho r ia  p a r t i c l e  network wi th in r e c r y s t a l l i z e d  
grains, as reported by some workers (6). 
f i n e  e x t i n c t i o n  bend contours seemingly associated w i t h  the t h o r i a  
p a r t i c l e s  were observed. Without some care, these might be mistaken 
f o r  d is locat ions.  
However, a number o f  very 
The r e c r y s t a l l i z e d  s t ruc tu re  contains a high densi ty  o f  f i n e  
twins. I n  addi t ion,  a small-scale, un rec rys ta l l i zed  remnant s t ructure,  
as shown i n  Figure 18, i s  present. Very few such areas were observed 
i n  the thin f o i l s  examined. However, because of the small f i e l d  o f  
view i n  the e lec t ron  microscope, the f a c t  t h a t  they were observed a t  a l l  
indicates that ,  from a macroscopic viewpoint, these areas may comprise 
a small, bu t  s i g n i f i c a n t ,  p o r t i o n  o f  the " rec rys ta l l i zed "  state.  The 
regions themselves appear t o  possess a recovered substructure, con- 
t a i n i n g  low angle boundaries and a d i s l o c a t i o n  densi ty  higher than 
t h a t  o f  the surrounding r e c r y s t a l l i z e d  areas. Such regions may account 
f o r  the x-ray observations o f  Grierson and Bonis, who note the presence 
o f  e l a s t i c  s t r a i n s  i n  r e c r y s t a l l i z e d  TD-nickel (4). 
During the course o f  the examination of deformation substruc- 
tures,  i t  was noted t h a t  large-scale room temperature deformations 
seemingly produce voids a t  t h o r i a  p a r t i c l e s  (i.e., a decohesion o f  
p a r t i c l e  and surrounding matr ix) .  A t y p i c a l  example may be seen i n  
Figure 19. This void formation was extensive and occurred in all 
deformation substructures observed. The voids appear elongated in the 
direction of  deformation. This phenomena was not the result of thin 
foil preparation, because no voids could be seen in the initial as- 
extruded or  commercial bar substructures. The voids apparently were 
"healed" by high temperature annealing, for very few were observed in 
annealed or recrystallized materials. Presence of the voids corrobo- 
rates the observation of this phenomena by other workers (5,lO). 
However, the contention by Webster (5) that such voids control recrys- 
tallization behavior in TD-nickel systems has not received support 
from the present investigation. Void densities were approximately the 
same after both recrys ta l l i za t ion- res is tant  and recrystallization-prone 
deformations, which indicates that the presence of thoria particle 
voids cannot be a major influence on the TD-nickel recrystallization 
p roces s . 
FUTURE WORK 
At the present time, analysis of the deformation and 
substructures of TD-nickel by transmission electron microscopy 
nearly complete. Some work remains in determining a more comp 
three-dimensional representation of key deformation structures 
certain annealing substructures must yet be examined. 
nneal i ng 
i s  
ete 
and 
In a recrystallization study of TD-nickel, the ideal approach 
might be to examine incipient nucleation of recrystallized grains by 
transmission electron microscopy, in order to establish the recrystal- 
lization mechanism. Although this has been attempted, preliminary 
results have been negative since a suitable combination of annealing 
temperature and time has not been discovered. Indeed, no such study 
is present in the literature, which may indicate that the kinetics of 
recrystallization in TD-nickel preclude such an approach. In any case, 
an investigation of the exact temperature-time dependencies of re- 
crystallization in the as-extruded and commercial bar materials will 
be undertaken in the hopes of examining the recrystal 1 ization process 
directly. Attempts may also be made to induce recrystallization in 
the electron microscope by electron beam heating, should other methods 
fai 1. 
Indirect techhiques shedding light on the recrystallization 
In pure nickel, workers have observed two process will be employed. 
recrystallization mechanisms to be operative. At low deformations, 
the migration of high angle grain boundaries already present in the 
deformed structure is a reported recrystallization mechanism (1 1). 
Coalescence of subgrains and the subsequent growth o f  new recrystallized 
grains is the indicated process at high deformations (9,12). Since 
TD-nickel might be expected to exhibit one of these two mechanisms, 
data supporting one or the other process may be derived from a recrys- 
tallized pole figure. The grain migration mechanism i s  indicated if 
the recrystallized pole figure is similar to the corresponding defor- 
mation pole figure, while a dissimilar comparison supports t h e  formation 
of  new recrystallized grains. Because of the large recrystallized 
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grain size of TD-nickel, conventional pole figure methods cannot be 
employed. Instead, the pole figure will be determined by analysis 
of Laue back reflection x-ray diffraction patterns from individual 
recrystal 1 ized grains. 
Another indirect means for investigating the recrystallization 
r 
process is a comparison of recrystallization activation energies of 
as-extruded and commercial bar materials (assuming the process in 
TD-nickel fol lows Arrhenius-type kinetics) with that of pure nickel. 
Further, a recrystallized grain size comparison of as-extruded and 
commercial bar as a function of annealing temperature and time may be 
informative. This latter study must be qualitative in nature, since 
the large recrystallized grain size precludes a proper statistical 
invest i gat ion. 
Of special significance is the planned examination of the 
recrystallization behavior of once recrystallized TD-nickel. Material 
will be recrystallized, then deformed and recrystallized a second 
time. Investigation of the second recrystallization process allows 
the examination of the inherent behavior of the dispersion, without 
complication from other structural features such as grain boundaries 
and texturing. Should second recrystallization prove different from 
the primary recrystallization process, this would indicate that recrys- 
tallization in TD-nickel is controlled to some degree by its fabricated 
structure, as well as by the presence of the oxide particle dispersion. 
Practically, such a study also has merit since it may yield a 
technique for producing a fine recrystallized grain size in commer- 
cially useable TD-nickel products. For elevated temperature applica- 
tions, such a microstructure may be desirable in view of the sensitivity 
of high temperature mechanical properties to grain boundary factors. 
-15- 
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TABLE 1 
VENDORS CHEMICAL ANALYSIS OF TD-NICKEL LOT 2294 
Element 
C 
Ti 
Fe 
C r  
co 
cu 
S 
Th O2 
Weiqht % 
0.0038 
0.001 
0.002 
0.001 
0.01 
0.003 
0.002 
2.4 
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TABLE 2 
RECRYSTALLIZATION IN AS-EXTRUDED TD-NICKEL 
AFTER ONE HOUR HEAT TREATMENTS 
% Recrys ta 1 1 i zed 
Roll i ng Reduction (%) 2400'F 23 OO°F 2000'F 
LONGITUDINAL PASS 
21 91 95 0 
37 97 99 30 
59 99 99 1 1  
74 97 (0) (80) 100 (0) (80) 16 
85 100 (0) (50) 100 (0) (50) 50 (0) (1 0) 
90 0 0 0 
20 
36 
59 
74 
85 
88 
TRANSVERSE PASS 
100 85 0 
98 65 1 
95 90 5 
95 95 25 
100 (50)* (80)* 80 (0) (60) 2 
100 (0) (80) lOO(0) (60) 0 
Swaq i nq Reduc t i on (%) 2400'F 
14 0 
26 0 
59 0 
75 0 
82 0 
90 0 
95 0 
* = % Recrystallized at Surface 
Jwr = % Recrystallized Overall 
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TABLE 3 
RECRYSTALLIZATION I N  COMMERCIAL TD-NICKEL ONE INCH BAR 
AFTER ONE HOUR HEAT TREATMENTS ! 
Roll i ng Reduction 2400'F 2300'F 200OoF 1 5OO0F 1250'F 1 OOOOF 
(%I 
LONG I TUD I NAL PASS 21 0 
37 
59 
74 
82 
87 
22 
37 
59 
74 
83 
87 
Swaging Reduction 
(%I 
14 
26 
45 
59 
75 
82 
90 
95 
TRANSVERSE PASS 
0 0 0 0 0 
99 97 25 2 0 
100 100 80 52 5 
100 100 95 95 0 
100 1 00 100 100 0 
100 100 100 100 0 
240OoF 
0 
0 
0 
0 
0 
0 
0 
0 
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TABLE 4 
MATERIAL STATES EXAMINED I N  THE PRESENT INVESTIGATION 
Hater i a 1 
As-extruded 
As -ex t rud ed 
Commercial Bar 
Commercial Bar 
As-extruded 
As-extruded 
As -ex t rud ed 
As -ex t rud ed 
As -ex t rud ed 
Commercial Bar 
Commercial Bar 
Commercial Bar 
Commercial Bar 
Commercial Bar 
Commercial Bar 
Commercial Bar 
Commerc i a 1 Bar 
Deformation Condit ion Annealing, 
O n  and Deqree Temp. ( F) 
None 
none 
none 
none 
Longi tudinal  r o l l  ing 5% 
Longitudinal  r o l l  ing 90% 
Transverse r o l l i n g  88% 
Swaged 90% 
Swaged 90% 
Longi tudinal  r o l l i n g  87% 
Transverse r o l l  ing 22% 
Transverse r o l l  i ng 37% 
Transverse r o l l  i ng 83% 
Swaged 90% 
Swaged 90% 
Lorigi tud ina l  r o l l  ing 87% 
Transverse r o l l  i ng 87% 
% 
A l l  Annealing f o r  one hour 
none 
none 
none 
none 
none 
none 
none 
none 
none 
none 
none 
none 
none 
none 
none 
2300 
23 00 
O r  i en t a  t i ani* 
Perpend i cu 1 a r 
Paral l e1  
Perpend i cu 1 a r 
Paral l e 1  
Perpendicular 
Perpend i cu 1 a r 
Perpend i cu 1 a r 
Paral le1 
Perpendicular 
Perpend i cu 1 a r  
Pe rpend 
Perpend 
Perpend 
Paral l e  
c u l a r  
c u l a r  
c u l a r  
Perpendicular 
Perpend i cu 1 a r 
Perpendi cu la r  
%* 
Foi 1 normal e i t h e r  para1 le1 o r  perpendicular 
' t o  f i n a l  working d i rec t i on .  
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.... .. Figure 1. Sectioned pieces and rolling directions of as-extruded TD-nickel (initial thickness e')* 
2 
0 :  
-21 . 
Figure 2. Sectioned pieces and rolling directions 
of commercial one inch bar TD-nickel 
(initial thickness 8 ' )  
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a) Foil normal perpendicular to extrusion 
axis. Note dislocations at A ,  probable 
low angle boundary at B, high angle 
boundary at C. 
Figure 3. As-extruded TO-nickel. 
-23 - 
b) F o i l  normal parallel to extrusion axis. 
Note dis locat ion array at 0. 
-24- 
* 
a) Foil normal perpendicular to bar axis 
(low magn i f i cation) e 
Figure 4. Commercial one inch bar TD-nickel. 
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b) Foi l  normal perpendicular to bar axis 
(high magnification). Note probable low 
angle boundary at A. 
-26- 
c) foil normal parallel to bar axis 
(low magni f i cat i on). 
-27- 
d) Foil normal parallel to bar axis (high magnification). 
Note dislocations at 8 ,  low angle boundary at C, high 
angle boundary at D. 
0 
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Figure 5. Commercial bar TD-nickel, longitudinal rolling 87% 
(Foil normal perpendicular to rolling direction), 
-29- 
Figure 6. Commercial bar TD-nickel, swaged 90% 
(Foi 1 normal perpendicular to swaging direction). 
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Figure 7. As-extruded TD-nickel, longitudinal rolling 90% 
(Foi 1 normal perpendicular to roll ing direction). 
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Figure 8. As-extruded TD-nickel, swaged 90% 
(Foil normal perpendicular t o  swaging d i rec t ion) .  
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Figure 9. Commercial bar TD-nickel, transverse rolling 83% 
(Foi 1 normal perpendicular to roll ing direction) (. 
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Figure 10. As-extruded TD-nickel, longitudinal rolling 60% 
(Foi 1 normal perpendicular to roll ing direction). 
-34- 
m 
Figure 1 1 .  As-extruded TD-nickel, transverse rolling 88% 
(Foil normal perpendicular to rolling direction). 
-35- 
Figure 12. Commercial bar TD-nickel, longitudina roll ing 8'7% 
(Foil normal perpendicular to rolling direction). 
-36- 
b) 1' T i l t ,  
a )  0' T i l t .  The area contr ibut ing t o  
the d i f f r a c t i o n  pat tern  i s  indicated. 
Note high d is locat ion density a t  A.  
Circled thor ia  par t ic les  a r e  locat ing 
points f o r  comparison a f t e r  ti 1 t ing.  
Figure 13. Commercial bar TD-nickel, transverse r o l l i n g  83% 
(Foi 1 normal perpendicular t o  r o l l  ing d i rec t ion) .  
-38- 
*t-l P 
'b) 1' T i l t .  
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Figure 14. Commercial bar TD-nickel, transverse rolling 24% 
(Foi 1 normal perpendicular to 1-01 1 ing direction), 
-40- 
Figure 15. Commercial bar TD-nickel, transverse roll ing 37% 
(Foi 1 normal perpendicular to roll ing di rection). 
( e .  
-41 - 
igure 16. Commercial bar TD-nickel, longitudinal rolling 87%, 
annealed one hour at 2300°F (Foil normal perpendicular 
to roll ing direction). The enti re micrograph area 
,contributed to the diffraction pattern. 
-. 
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'Figure 17. Commercial bar TD-nickel, transverse rolling 87%, 
annealed one hour at 230OoF (Foi 1 normal perpendicular 
to rolling direction). Extinction bend contour i s  a 
g200 type. Note low dislocation density at A and 8 .  
-43 - 
Figure 18. Commercial bar TO-nickel transverse r o l l  ing 87%, 
'0 annealed one hour a t  2300 F (Foi l  normal perpendicular 
t o  r o l l i n g  d i rec t ion) ,  Note recovered area a t  A.  
Areas B and C a re  adjacent recrys ta l l i zed  regions. 
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Figure 19. Commercial bar TD-nickel, swaged 90% (Foil 
normal perpendicular to swaging direction). 
Thoria particle voids are evident at A and B. 
